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ABSTRACT 
  
 In the last twenty years work on chromatin binding non-coding RNAs has 
revealed much of their biology, but how mitosis affects these nuclear ncRNA 
transcripts is less well understood.  This study examined the behavior of several 
ncRNAs through mitosis.  It is understood that Aurora B Kinase, or AURKB, plays 
a role in the dispersal of the ncRNA Xist from chromatin in mitosis, but our 
experiments probed the mechanism of this interaction. Using fluorescent 
microscopy to visualize the location of both the ncRNA and the protein required 
the refinement of an IF/FISH protocol.  Furthermore, other ncRNAs were 
identified in the literature in order to examine if they are similarly governed by 
AURKB, and the localization of the other ncRNAs was compared throughout 
mitosis to that of Xist.  An RNAi screen was used to identify that MCAK, a known 
target of AURKB’s kinase activity, is another player in the dispersal of Xist.  Our 
results also demonstrated that nuclear envelope breakdown precedes the 
release of ncRNAs into the cytoplasm, and that MCAK knockdown delays the 
 v 
dispersal of Xist and may also impact LINE1.  We were also able to visualize 
AURKB and Xist throughout mitosis.   
This study developed our understanding of daughter cell inheritance of 
ncRNA mediated transcriptional silencing by showing that multiple ncRNAs 
disperse from the nucleus after nuclear envelope breakdown in prophase, and 
also that MCAK is implicated in Xist dispersal.  These are important steps 
towards a comprehensive understanding of how the chromosomal passenger 
complex affects ncRNA transcripts throughout mitosis, and how the complex 
plays a role in retention of silencing in daughter cells by governing mitotic 
dispersal of ncRNA.  We demonstrated ncRNA dispersal is needed for 
successful mitotic division, and must take place to advance past metaphase. 
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INTRODUCTION 
The ncRNAs 
  Non coding RNAs, or ncRNAs, are a class of RNA transcripts that do not 
code for protein.  Amongst the more familiar are transfer RNAs, small nuclear 
RNAs of the spliceosome, telomeric RNAs and ribosomal RNA.  In the last two 
decades, ncRNAs have been identified that alter the transcriptome through a 
variety of mechanisms, including epigenetic alterations, transcriptional silencing, 
and RNA interference (Mattick, 2006).  This additional level of control over gene 
expression helps explain a paradox brought to light by sequencing of multiple 
organisms’ DNA (Mattick, 2006), namely that as more eukaryotic genomes were 
sequenced, the exponential increase of organism complexity in higher 
eukaryotes is not reflected by a concurrent increase in genome size (Rubin, et 
al., 2000).  Contrary to the central dogma of molecular biology, that RNA makes 
protein, the functions of ncRNAs seem to play a role in the daunting task of 
managing the tissue or gender specific transcriptome of the complex eukaryotic 
genome.   
 
XIST, an ncRNA transcriptional silencer: 
  Dosage compensation of the female sex chromosome in humans and 
other eutherian mammals is an adaptation to the imbalance in X chromosome 
numbers between genders (Heard, et al., 2006).  This dosage compensation is 
accomplished by expression of the RNA Xist, which inactivates a single female X 
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chromosome, thereby attenuating expression of X chromosome genes to the 
same level as the single X chromosome male (Heard, et al., 2006).  Xist is the 
canonical ncRNA, a polyadenylated, spliced RNA transcript which RT-PCR 
experiments found to be expressed by the inactivated X chromosome (Brown, et 
al., 1991).  Evidence of chromatin association was found when the 17 kB Xist 
transcript was shown to localize to the inactive X chromosome using fluorescent 
in situ hybridization in human cell lines (Brown, et al., 1992).  Further studies 
provided corroborating evidence that Xist coats the inactive X by using site 
directed mutagenesis to make a null Xist transcript, resulting in a cell line where 
X inactivation was only seen on the unaltered chromosome (Penny, et al., 1996).   
Another study showed a loss of function by using an antisense sequence 
of bases bound to a peptide backbone to disrupt Xist’s association to chromatin 
(Beletskii, et al., 2001).  Additional evidence for Xist’s function as an ncRNA 
rather than via translation into a protein has been provided by analysis of the Xist 
sequence’s open reading frame, or ORF, which showed that the transcript was 
unlikely to be coding for a protein due to the brevity of the longest ORF (Brown, 
et al., 1992).  Furthermore, the creation of knockout mice has demonstrated 
Xist’s role in vivo, showing that this ncRNA is required for dosage compensation 
of the extra female X chromosome (Marahrens, et al., 1997).    
 
Another developmental ncRNA, Kcnq1OT1: 
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The Kcnq1OT1 transcript is similar to Xist in that it is also an antisense 
RNA that works by coating a particular portion of chromatin, in this case the locus 
that encodes for the Kcnq1 gene (Thakur, et al., 2004).  In adult humans 
Kcnq1OT1 is usually expressed in a monoallelic fashion, suppressing paternal 
chromosome transcription of Kcnq1, which encodes a potassium channel, while 
biallelic expression from both chromosomes is associated with a disease known 
as Beckwith-Wiedemann syndrome (Lee, et al., 1999).  The association of 
chromatin and the Kcnq1OT1 ncRNA was corroborated by studies using 
chromatin immunoprecipitation with subsequent RNA extraction and DNAse I 
treatment (Pandey, et al., 2008).  The same group also used the transcriptional 
inhibitor !-amanitin to demonstrate that, like Xist, RNA polymerase II encodes 
the Kcnq1OT1 transcript (Pandey, et al., 2008).  One last corollary with the Xist 
transcript is that the regulation of Kcnq1OT1 throughout development is quite 
different from the adult pattern of gene expression, with observations in mice 
showing a switch to biallelic expression during portions of heart growth during 
fetal development, and also that other factors besides Kcnq1OT1 act to suppress 
the Kcnq1 gene during embryogenesis (Korostowski, et al., 2012) 
 
LINE 1 ncRNAs – retrotransposons transcribed: 
Long interspersed nuclear elements, or LINEs, have been understood for 
some time to comprise a significant portion of human genomic DNA, with LINE 1 
alone comprising 17% (Cordaux, et al., 2009).  Within LINE 1 repeats, promoters 
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exist for RNA polymerase II, ensuring that transcripts of LINE 1 are produced 
(Swergold, 1990).  These experiments also demonstrated that the LINE 1 
transcript includes two ORF’s, which are translated into proteins that allow 
transposition of LINE 1 into new genomic sites (Swergold, 1990).  The fact that 
LINE 1 encodes protein obviously differentiates it from Kcnq1OT1 and Xist.  On 
the other hand, LINE 1 does indeed show chromatin association similar to the 
aforementioned ncRNAs.  For instance, LINE 1 RNA has been implicated in the 
formation of “neocentromeres”, centromeres arising at an atypical chromatin site, 
such as the middle of a q arm.  LINE 1 RNA was found to not only be associated 
with chromatin bound to the centromere protein CENP-A, but ribonucleic acid 
interference (or more briefly, RNAi) depletion of the transcript showed it also 
performed an important step in neocentromere formation (Chueh, et al., 2009).   
LINE 1 transcripts were also seen to have an intriguing role in the initial 
development of X chromosome inactivation, where active transcription of LINE 1 
RNAs was observed in regions of the X chromosome that are more prone to 
avoiding Xist inactivation (Chow, et al.,  2010). 
 
SINES – one final ncRNA: 
SINES, or short interspersed nuclear repeats, comprise about 11% of the 
genome and are approximately 300 bases long (Cordaux, et al., 2009).  SINES 
differ from Xist, Kcnq1OT1, and LINE 1 in that they are transcribed by RNA 
polymerase III.  Yet they are also transcribed by RNA polymerase II when the 
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SINE sequence is found within an intron (Kramerov, et al., 2005).  Additionally, 
SINES are dependent on the LINE 1 encoded ORF2 protein for their 
transposition, moving outside of the nucleus to hijack the LINE 1 replication 
pathway to insert themselves elsewhere in the genome (Dewannieux, et al., 
2003).  SINES transcripts are located in both the cytoplasm and the nucleus, with 
the nucleus primarily being high molecular weight transcripts transcribed by RNA 
polymerase II (Kramerov, et al., 2005).    
 
Behavior of Xist during mitosis: 
 Mitosis involves the condensation of chromatin, an increase in 
nucleosome folding which results in the tight winding of genomic DNA (Thadani, 
et al., 2012).  As the number of identified ncRNAs that are associated with 
chromatin increases, the question of what happens to the ncRNAs during 
chromatin condensation has likewise grown in importance.  Just as Xist was the 
earliest characterized ncRNA, it has also served as an early subject of studies 
regarding the chromatin to ncRNA association throughout mitosis.  Aurora kinase 
B, or AURKB, was implicated in Xist chromatin disassociation by experiments 
involving RNAi, which knocked down the kinase (Hall, et al., 2009).  Furthermore, 
small molecule inhibitors of AURKB were also shown to produce retention of Xist 
on the chromosomes for a larger portion of mitosis (Hall, et al., 2009).  The 
authors also argued for a distinct mechanism of Xist removal during prophase, 
noting that cells could proceed all the way through anaphase with a Xist coating 
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present (Hall, et al., 2009).  However, this putative role for AURKB is only one of 
many roles this enzyme plays in mitosis.    
 
Mitosis and other ncRNAs: 
 Although the effects of many of the ncRNAs have been well studied in a 
developmental and transcriptional silencing context, their impact on mitosis is not 
as well understood.   Although evidence exists that shows Xist is removed during 
prophase, (Hall, et al., 2009), the behavior of other ncRNAs through mitosis is an 
open question.  Do these transcripts remain chromatin bound, or behave similarly 
to Xist?  Even more intriguingly, studies have shown that alterations in the 
ncRNA transcriptome have an important impact on mitosis.  For instance, LINE 
1’s role in the formation of neocentromeres implicates this transcript in 
centromere formation and subsequently in chromosome segregation (Chueh, et 
al., 2009).  Are ncRNA transcripts also localizing to other mitotic regions, or 
participating in other mitotic events?  The observation of AURKB’s role in Xist 
removal (Hall, et al., 2009) adds the movement of this ncRNA into the multitude 
of mitotic events mediated by AURKB, including chromatin condensation (Lipp, et 
al., 2007), microtubule dynamics (Gorbsky, 2004), and spindle mid zone 
formation (Touré, et al., 2008).  Where in these events does AURKB impact Xist, 
and are other ncRNAs also governed by AURKB?  Are these transcripts released 
from chromatin as part of chromosome condensation?  Lastly, there is ample 
evidence for the inheritance of ncRNA transcriptional silencing post mitosis.  One 
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example is a study where insertion of the Xist DNA sequence on an autosome 
leads to expression of Xist on this autosome after differentiation, demonstrating 
the maintenance of ncRNA induced transcriptional silencing through mitosis 
(Hall, et al., 2002).  This continual interaction with one chromosome post mitosis 
raises questions regarding the fate of ncRNAs.  Are these transcripts freshly 
transcribed, or are the transcripts preserved throughout mitosis?  The answers to 
these questions are still an active area of investigation.   
 
AURKB in the prophase and prometaphase steps of mitosis: 
Aurora kinase B, or AURKB, has been implicated in multiple steps of early 
mitosis.  AURKB is the catalytic member of the chromosomal passenger 
complex, which also includes the protein Survivin, inner centromere protein (or 
INCENP) and Borealin (or Dasra-B), which combine to form dynamically-
localized protein complex that has been shown to be a pivotal player throughout 
mitosis (Ruchaud, et al., 2007).  Early on in mitosis, AURKB plays a part in 
chromosome condensation.  Results in cell free Xenopus egg extract have 
shown that AURKB is needed for the condensin I complex to assist in the 
maintenance of chromosome condensation throughout mitosis (Takemoto, et al., 
2007).  This interaction was borne out by western blotting and 
immunofluorescence experiments in human cell lines that also indicated that 
AURKB co-localizes with and regulates condensin I starting at the prometaphase 
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stage of mitotic division and continuing throughout the remainder of the process 
(Lipp, et al., 2007).   
In addition to the phosphorylation of condensin I, experiments using 
histone H3 tagged with purification markers allowed an examination of AURKB’s 
histone binding properties, and indicated AURKB phosphorylated serine 10 on 
histone H3, another important step in chromatin condensation (Crosio, et al., 
2002).   As the cell begins spindle assembly, AURKB also phosphorylates a 
protein named mitotic centromere-associated kinesin, or MCAK, a process that is 
discussed in greater detail below (Gorbsky, 2004).  In addition to MCAK, AURKB 
phosphorylates the microtubule destabilizing protein stathmin, also known as 
oncoprotein 18, at serine-16 in the presence of mitotic chromosomes (Gadea, et 
al., 2006).  
 
AURKB in the later steps of mitosis: 
AURKB, along with the related Aurora kinase A has also been revealed as 
an indispensable regulator for the chromosome motor CENP-E that pulls 
chromosomes apart in anaphase (Kim, et al., 2010).  Furthermore, this regulation 
of CENP-E was shown to be opposed by protein phosphatase 1, also called Pp1 
(Kim, et al., 2010).  Besides CENP-E, experiments using tagged MgcRacGAP 
showed that AURKB also phosphorylates this Rho GTPases regulator, which 
contributes to microtubule dynamics, and localizes to the midbody to contribute 
to cytokinesis (Touré, et al., 2008).  AURKB also acts on other proteins involved 
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in cytokinesis, specifically Mitotic Kinesin-Like Protein 1, or MKLP1.  Experiments 
with antibodies to phosophorylated-MKLP1 and also the use of AURKB inhibitors 
demonstrated that AURKB was necessary for the phosphorylation of MKLP1 
(Guse, et al., 2005).  These varied results indicate that during both anaphase and 
telophase, AURKB continues to have an active role in mitosis.      
 
MCAK – also governed by the chromosome passenger complex:   
 A member of the Kin I (Kinesin 13) family, KIF2c or mitotic centromere-
associated kinesin (or MCAK) was originally of interest as a depolymerizing 
kinesin, which catalyzed the disassociation of the ! and " tubulin subunits that 
make up microtubules (Desai, et al., 1999).  The depolymerizing site consists of 
about thirty amino acids in front of the kinesin motor domain (Maney, et al., 2001) 
and requires the hydrolysis of ATP, at a ratio of 5 ATP for each tubulin dimer 
removed (Hunter, et al., 2003).  This kinesin motor domain is unlike dynein or 
conventional kinesin motor proteins, for MCAK eschews the use of ATP for 
motility, instead operating in a random walk along the microtubule, a process that 
can be compared to diffusion in one dimension (Helenius, et al., 2006).    
MCAK also has domains that bind to and interact with other proteins, both 
those bound to microtubules and those associated with the chromosome 
passenger complex.  More specifically, MCAK was shown to specifically bind to 
EB-1, a protein at the positive ends of mitotic microtubules, via a domain near 
several serine residues (Honnappa, et al., 2009).  The phosphorylation of these 
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serine residues by AURKB appears to be important for the regulation of the 
depolymerizing domain of MCAK (Gorbsky, 2004).  This regulatory pathway is 
depicted in Figure 1.  Furthermore, AURKB regulation was seen to assist in 
avoiding aneuploidy by degrading microtubules that are not tethering a 
chromosome at the kinetochore, (Domnitz, et al., 2012). 
 
 
 
 
 
 
 
 
 
Figure 1.  The MCAK depolymerization activation pathway.  In the Xenopus oocyte, 
translation of INCENP leads to increased kinase activity by Aurora B (Leblond et al., 2012).  
Aurora B then phosphorylates MCAK in turn, leading to inihibition of MCAK’s tubulin 
depolymerization processivity (Andrews, et al., 2004).   
 
Putting each of these domains together gives a rough overall picture of the 
MCAK protein’s functionality.  Early work involving GFP fused to partial MCAK 
constructs established that sequences between the N terminus and the motor 
domain were important for full activity, and the amino acids between the motor 
domain and C terminus did not affect the depolymerase activity (Maney, et al., 
2001).  MCAK also has several serine phosphorylation sites, and Ser 92 and Ser 
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186 have been shown to be substrates for AURKB with implications for 
regulation (Andrews, et al., 2004).  The same study also shows that 
phosphorylation plays a role in both localization and activation, and reveals how 
MCAK and AURKB work in conjunction to coordinate the bidirectional attachment 
of spindle ends to the two kinetochores of sister chromatids, or amphitelic 
attachment (Andrews, et al., 2004).
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AIMS 
 This study examined the hypothesis that changes in chromatin 
compaction during mitosis will affect the localization of chromatin-bound ncRNAs. 
This mechanism of ncRNA dispersal in mitosis must account for three known 
characteristics of ncRNA biology.  First, there must be retention of transcriptional 
silencing in the daughter nuclei.  Secondly, the model must account for 
necessary shifts in ncRNA localization.  Finally, downstream effectors of the 
chromosome passenger complex may mediate this process.  Furthermore, 
disruptions to this mechanism that result in abnormal ncRNA behavior in mitosis 
may jeopardize correct chromosome segregation, ncRNA transcript function, and 
chromosome condensation.  
By using earlier, published results as a starting point, several smaller 
goals were brought into view.   
- The first goal was to refine existing protocols that use 
immunofluorescence combined with fluorescent in situ hybridization, or 
IF/FISH, to allow us to observe ncRNA transcripts and protein 
localizations throughout mitosis.   
- Secondly, to screen kinesins to establish whether they were involved in 
dissociation of Xist from the inactive X chromosome during mitosis and 
then determine their effect on other ncRNAs. 
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- Finally, to use FISH to examine the behavior of other ncRNA 
transcripts throughout mitosis, and compare their localization 
throughout mitosis to Xist. 
These studies will provide valuable insight into ncRNA transcripts’ 
association with chromatin throughout mitosis, identify key proteins besides 
AURKB that regulate the mitotic localization of ncRNAs, and address questions 
on the mechanism of their localization through imaging and knockdown studies.  
In total, these experiments will further our understanding of a field of RNA biology 
that has intriguing implications for understanding transcriptional silencing 
maintenance in mitotically active cells.    
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METHODS 
Labeling reaction and probe preparation for FISH: 
 Probes for all RNA fish assays were generated using a commercially 
available kit from Invitrogen, the Bioprime Kit (#18094-011).  The reagents were 
sourced from this kit, save for the substitution of a custom nucleotide mix with a 
2:2:2:1 ratio of dATP:dTTP:dGTP:dCTP.  500 ng of DNA was added along with 
random primers from the kit, then Cy3-dCTP fluorescent nucleotide was added 
along with the custom nucleotide mix and 40U/uL Klenow polymerase.  The 
reaction was incubated overnight at 37˚C while protected from light.   
 The probe was then spun in a GE Healthcare S-200 Microspin column and 
the eluent collected.  1/10th volume 3M sodium acetate, glycogen and 3 volumes 
of 100% ethanol were added to the probe, which was then precipitated overnight 
in the freezer or for 30 minutes in a dry ice bath.  The sample was then spun for 
30 minutes at 4˚C at 15,000 RPM, and the pellet then washed with 70% ethanol.  
The pellet was spun for 5 minutes at 4˚C at 15,000 RPM then dried.  Water, 
100% ethanol and 3M sodium acetate were added to the probe.  
 Probes were either stored under this solution at -20˚C or were prepared 
for immediate use by the addition of Human Cot-1, salmon sperm DNA, sodium 
acetate, water, and ethanol.  After adding these reagents, the sample was then 
precipitated in an ice bath, then spun for 30 minutes at 4˚C at 15,000 RPM, and 
the pellet then washed twice with 70% ethanol.  The probe was then washed with 
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100% ethanol.  After each wash, the pellet was spun for 5 minutes at 4˚C at 
15,000 RPM, and then air dried or spun on a Speedvac after the third wash. 
 Dried probes were suspended in formamide, and then heated at 75˚C until 
the probe was entirely in solution.  An equal volume of 20% dextran and 4x 
saline-sodium citrate buffer was added, and the probe was heated for 10 minutes 
at 99˚C and then incubated for 1-2 hours at 37˚C.  The probe was then used for 
FISH on fixed cells, or stored for later use at -20˚C (Xiao, et al., 2007). 
 
Cell culture and transfections: 
 All experiments were done in the commercially available hTERT RPE-1 
cell line, ATCC number CRL-4000.  Cell culture media was DMEM/F12 
purchased from Invitrogen, supplemented with glutamine, penicillin, 
streptomycin, sodium bicarbonate and heat inactivated fetal bovine serum and 
then filtered.  Experiments involving transfection of nucleic acids all took place in 
antibiotic free media.   
 All cells for RNAi and DNA transfections were plated on 6 well plates.  
Initial RNAi experiments were carried out with a density of 7.5 x 104 cells per 
well, grown on a coverslip placed on the bottom of the well.  These coverslips 
were treated with sodium hydroxide, rinsed to ensure pH was 7, and then soaked 
in ethanol (Xiao, et al., 2007).  RNA was RNAse III digested, and these double-
stranded RNAs were then purified with the Purelink miRNA kit from Invitrogen, 
assayed for concentration, and run on a gel to check for purity.  30 picomoles of 
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RNA were used with 6 uL of Lipofectamine RNAimax.  Cells were incubated for 
24- 48 hours at 37˚C and then fixed and imaged. 
 After the initial screening experiments, Dharmacon RNA fragments were 
used instead.  These experiments were conducted at a cell density of 1.5 x 105 
cells per well, and used 60 picomoles of RNAi pool purchased from Dharmacon, 
and 5 uL of Lipofectamine RNAimax from Invitrogen.  Once again, cells were 
incubated for 24 hours at 37˚C and then fixed and imaged.   
 Finally, DNA transfections for the GFP-MCAK construct used Roche 
FUGENE reagent, and followed the directions in order to optimize transfection.  
Cells for imaging and sorting were transfected with 0.8 ug of DNA, 3.2 x 105 cells 
and 0.8 uL of FUGENE per mL of media.  Transfections were incubated at 37˚C 
for 48 hours.   
 
Cell fixation conditions: 
 Cells were fixed for IF or FISH in one of several fix conditions, depending 
on the application.  The first was used the fixation solution of 4% 
paraformaldehyde/0.05% glutaraldehyde/BRB-80 fix.  The cells were washed 
with phosphate buffered saline, or PBS, which was aspirated, and then left in the 
fixation solution for 10 minutes.  The cells were then rinsed with 0.5% triton in 
BRB-80, and then washed in this solution for 20 minutes.  The cells were then 
rinsed in PBS and used for either FISH or IF.  Another fixation condition used 2% 
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paraformaldehyde but was otherwise identical.  Finally, the glutaraldehyde was 
omitted in certain preparations where microtubule preservation was not pivotal.   
 Another fixation condition started with cytoskeletal buffer and triton 
extraction.  Here again the cells were washed in PBS, and then washed for 30 
seconds in cold cytoskeletal (CSK) buffer.  Another 30 second wash in cold CSK 
with 0.5% triton detergent, then another 30 second wash in cold CSK prepared 
the cells for fixation, which used 4% paraformaldehyde in PBS for 10 minutes.  
The cells were then rinsed in PBS and then underwent FISH or IF (Xiao, et al., 
2007). 
  
Immunofluorescence: 
  Cells that had undergone fixation were incubated at room temperature for 
30 minutes in a blocking step (please note that this was omitted in certain 
experiments) with a blocking solution of PBS containing 0.2% fish skin gelatin, 
5% goat serum, 0.2% tween, and 10 ug/mL of tRNA.  This same solution was 
used to dissolve the antibody of interest, along with the RNAse inhibitor rRNAsin 
(Promega # N251B) at a 1:100 dilution.  The coverslips were inverted onto 45 uL 
of antibody, cell side down, in a humid chamber with paper towels soaked in 
PBS, and then incubated for 45 minutes at 37˚C.  The cells were then washed 3 
times in PBS with 0.2% tween for 5 minutes each time.  The cells were then 
inverted onto the second, fluorescent antibody and incubated in the humid 
chamber for 45 minutes at 37˚C.  The PBS tween washes were repeated.  For 
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experiments that only involved IF, the second wash contained 4', 6-diamidino-2-
phenylindole, or DAPI.  An optional step of crosslinking, with 2% 
paraformaldehyde in PBS, was performed to strengthen the link between the 
primary and secondary antibodies.  Cells were either mounted using nail polish, 
with the cell side inverted onto 12 uL of vectashield pipetted onto slides, or 
underwent FISH (Xiao, et al., 2007).  Antibodies used were Abcam anti-AURKB 
(#AB2254), Cytoskeleton Inc. anti-MCAK (#AKIN05), and an antibody raised to 
phenylalanine and glycine repeats (mAB414) for the nuclear envelope 
experiments.   
 
RNA Fluorescent in Situ Hybridization: 
 Cells were dehydrated with 4 washes, each of 2 minute duration.  The 
washes were 70%, 85%, 95% and 100% ethanol.  The cells were then air dried, 
and the coverslips inverted onto 20 uL of the FISH probe in a humid chamber 
with paper towels soaked in 50% formamide/2x SSC.  The hybridization was then 
left overnight at 37˚C.  The coverslips were then washed 6 times, with each new 
wash taking 5 minutes.  All washes took place in a 6-well cell plate floating in a 
water bath set to 38˚C.  The first and second wash both used 50% formamide/2x 
SSC, the third 2x SSC, and the last three all used 1x SSC.  The fifth wash 
contained DAPI, a 1 mg/mL solution diluted 1:104 times.  Cells were mounted, 
using nail polish, with the cell side inverted onto 12 uL of vectashield pipetted 
onto slides (Xiao, et al., 2007). 
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MCAK-GFP sub-cloning experiment: 
 A clone containing MCAK (#MHS1010-73945) was purchased from Open 
Biosystems, and PCR was used to amplify the MCAK insert with primers 
containing sites for the restriction enzymes Xho I and Bam H1.  Using the TOPO 
cloning kit (# K4500-01) from Invitrogen, the PCR product was cloned into a 
TOPO vector, and then this plasmid was transformed into competent cells, 
following the kit instructions.  Several of the colonies were selected after 
overnight incubation at 37˚C, and the Qiaprep Spin Miniprep kit from Qiagen (# 
27144) was used to purify six colonies of the TOPOclone vector containing the 
MCAK sequence.  These were submitted for sequencing and the sequence was 
verified by conducting a BLAST search against MCAK’s gene sequence.   
Clone with the correct sequence was grown overnight at 37˚C in media 
containing kanamycin.  The plasmid was purified using the Qiagen Plasmid Maxi 
kit (#12162).  This was taken and digested with 100 Units of Xho I, and 100 Units 
of Bam H1, by incubation for four hours at 37˚C.  The plasmid pEGFPC1, which 
contained the GFP domain, was likewise digested.  Calf 1-alkaline phosphatase 
was added to the pEGFPC1.  Both were extracted by phenol extraction.  These 
were then run on a 2% Agarose gel, and the bands excised, and then purified 
using the Qiagen Gel Extraction kit (#28704).  The vector and cut TOPOclone 
were then ligated with T4 Ligase.  This plasmid was then transformed into 
competent cells using the TOPO cloning kit, which were grown and checked for 
the insert by repeating the Bam H1/Xho I digest.   
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Colonies with the insert were grown in media with kanamycin.  The 
plasmid was then purified using the Qiagen Plasmid Maxi kit (#12162).  The 
isolated plasmid was digested as was the original Open Biosystems clone with 
100 Units of Blp I and Xmn I.  Calf 1-alkaline phosphatase was added to the 
MCAK-pEGFPC1 vector.  Both were extracted by phenol extraction.  These were 
then run on a 2% Agarose gel, and the bands excised, then purified using the 
Qiagen Gel Extraction kit (#28704).  The vector and cut TOPOclone were then 
ligated with T4 Ligase.  This plasmid was then transformed into competent cells 
using the TOPO cloning kit, which were grown and checked for the insert by 
repeating the Blp I/Xmn I digest.  This plasmid contained a sub-cloned MCAK 
gene from the original Open Biosystems plasmid, attached at the carboxyl 
terminal to GFP.  These were used in transformations as detailed above.   
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RESULTS 
RNAi screening for altered behavior of Xist in mitosis: 
 The chromosome passenger complex has been shown to impact Xist 
movement in mitosis through AURKB (Hall, et al., 2009).  We wanted to further 
probe this interaction, and developed a screen for other proteins that affect Xist 
localization.  Using RNAi we were able to knock down both AURKB and MCAK, 
which is known to be phosphorylated by AURKB (Andrews, et al., 2004).  
AURKB RNAi replicated the published result of delayed Xist mitotic dispersal.  
MCAK RNAi treated cells also showed a delay in Xist dispersal, with both 
prophase and prometaphase cells still showing undispersed signal on chromatin.  
RNAi efficiency was not 100%, but delayed Xist dispersal was very rarely 
observed in cells treated with control RNAi.  Furthermore, the cells that showed 
lengthened retention of the Xist transcript often showed a distinctive 
chromosome pattern during prometaphase, a C shaped structure as opposed to 
the normal closed ring.  These results are depicted in Figure 2 and 3 below. 
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Figure 2.  MCAK RNAi with Xist FISH.  From left to right, top row first, these are an interphase, 
a prophase, a prometaphase, a metaphase, an anaphase, and a telophase cells.  The red signal 
is Xist, the blue is DAPI stained chromatin, and the fixation condition was 4% PFA. 
 
   
 
   
 
 
Figure 3.  Control RNAi with Xist FISH.  From left to right, top row first, these are an interphase, 
a prophase, a prometaphase, a metaphase, an anaphase, and a telophase cells.  The red signal 
is Xist, the blue is DAPI stained chromatin, and the fixation condition was 4% PFA. 
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IF/FISH assay development: 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.  Conditions for Xist FISH and MCAK and AURKB IF.  The ++ represents strong signal 
under these conditions, a – represents no visual signal under these conditions, and the + 
represents faint signal.  Please note that although the 1:25 anti-MCAK IF/FISH had Xist signal, 
the signal to noise was very high, which made useful images difficult to acquire.   
 
 In order to better understand the interaction of AURKB and MCAK with the 
ncRNA Xist, we developed a protocol to visualize both proteins’ localization in 
mitosis compared to Xist.  Table 1 above shows the three fixation conditons 
which had potential for use in our assay.  Two varied dilutions were used for the 
anti-MCAK IF.  Chromatin structure was better preserved in the 
paraformaldehyde fixes, but the IF and FISH signal was stronger using the CSK 
Fix 2% PFA 4% PFA CSK 
AURKB 
IF(1:500) 
++ ++ ++ 
AURKB 
FISH(1:500) 
+ - ++ 
MCAK IF(1:25) + + + 
MCAK 
FISH(1:25) 
- - + 
MCAK 
IF(1:100) 
- - - 
MCAK 
FISH(1:100) 
- - - 
Chromatin Well defined Well defined Defined 
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fix.  Further optimization experiments established that omitted the blocking and 
crosslinking steps for the AURKB and Xist IF/FISH preserved signal best.  
Images of the hTERT-RPE cells fixed in these conditions were taken.   
 
Optimized IF/FISH for hTERT-RPE cells: 
     
   
Figure 4.  CSK fixed hTERT RPE stained for Xist and AURKB.  The blocking and cross linking 
steps were omitted as they increased degradation of signal. From left to right, top row first, these 
are an interphase, a prophase, a prometaphase, a metaphase, an anaphase, and a telophase 
cell.  The red signal is Xist, while the green signal is AURKB, and the blue is DAPI stained 
chromatin.   
The optimized IF/FISH assay was used to examine if there was co-
localization of AURKB and Xist.  The cells in Figure 4 show the stages of mitoses 
for hTERT-RPE cells after staining for AURKB and Xist using the optimized 
IF/FISH conditions described above.  Features of note include the pericentric ring 
of AURKB during prometaphase, the centromeric pattern in prophase, the 
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migration to the metaphase plate and then midbody in late mitosis.  Furthermore, 
Xist has migrated off the chromosomes during prophase.  Although the 
chromosomes were less distinct in this fixation condition, the phases of mitosis 
are still clearly distinguishable. AURKB shows the expected localization to the 
centromeres, then spindle midplate, and finally the midbody (Lan, et al., 2004).  
Xist shows a pattern of dispersal during prophase, moving into the cytoplasm as 
small punctae by prometaphase.  In telophase, signal was once again observed 
on the daughter cell nuclei.  Throughout mitosis, it was observed that AURKB 
and Xist localize to disparate compartments of the cell.  Although AURKB activity 
has an impact on Xist, the results from our study show that this effect is unlikely 
to be reliant on colocalization.  This separation throughout mitosis suggests that 
other effectors must be involved, and that AURKB alone is not directly dispersing 
the ncRNA Xist.  
 
Transient expression of GFP-MCAK: 
Besides AURKB, we also wanted observe how MCAK and Xist localized 
during mitosis.  We attempted to develop an assay using a GFP-MCAK construct 
to visualize MCAK throughout mitosis.  The GFP-MCAK image in Figure 5 was 
taken using live cells inverted on PBS.  A cytoplasmic signal was observed that 
resembles small comets, and also a more readily apparent nuclear signal.  
Higher concentrations of transfected DNA showed widespread apoptotic nuclei 
and cell death.  It should be noted that at the depicted, lower concentration (2 ug 
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of DNA with 2 uL of FUGENE), many cells did not show signal.  The comet like 
signal matched published data (Lee, et al., 2008), indicating that the GFP-MCAK 
construct was localizing correctly.   The nucleus is apparent due to the long 
exposure required for the GFP-MCAK signal.   
This GFP-MCAK approach was required due to the failure of the IF/FISH 
for MCAK and Xist.  Although the IF/FISH protocol for AURKB and Xist worked 
well, the anti-MCAK antibody to MCAK epitope interaction appeared to be a less 
robust interaction than that of AURKB to the anti-AURKB antibody.  In all cases, 
the signal for MCAK did not image reliably.  Despite eliminating the blocking and 
cross-linking steps, carrying the fixation conditions, and increased antibody 
concentration, reliable imaging proved too difficult.   
  
Figure 5. hTERT-RPE cell transfected with GFP-MCAK.  In the picture on the left, the green 
signal in the cytoplasm is GFP-MCAK.  The nucleus is the large round green object. The multiple 
comet-like signals are of note, and an enlarged version of one of these is shown on the right  
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Potential ncRNAs governed by AURKB:  
    
 
   
 
Figure 6. Kcnq1OT1 FISH on hTERT-RPE cells. From left to right, top row first, these are an 
interphase, a prophase, a prometaphase, a metaphase, an anaphase, and a telophase cell.  The 
red signal is Kcnq1OT1 and the blue is DAPI stained chromatin. and the fixation condition was 
4% PFA. 
 
   
 
   
 
Figure 7. LINE 1 FISH on hTERT-RPE cells. From left to right, top row first, these are an 
interphase, a prophase, a prometaphase, a metaphase, an anaphase, and a telophase cell.  The 
red signal is LINE 1 and the blue is DAPI stained chromatin. 
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Figure 8.SINE FISH on hTERT-RPE cells. From left to right, top row first, these are an 
interphase, a prophase, a late prophase, a metaphase, an anaphase, and a telophase cell.  The 
red signal is LINE 1 and the blue is DAPI stained chromatin. 
 To determine if all ncRNAs dissociate from chromatin during mitosis we 
used FISH to examine the localization of Kcnq1OT1, LINE, and SINE RNAs in 
mitotic cells. Figures 6, 7 and 8 each show the results of FISH using DNA probes 
for three candidate ncRNAs.  The dispersal of each ncRNA into the cytoplasm for 
LINE1, SINE, and Kcnq1OT1 was observed, leaving the chromatin clear in each 
case.  The signal to noise ratio was poorest for the Kcnq1OT1 probe, but clear 
gaps in the FISH signal were seen in the space occupied by chromatin for all of 
the ncRNAs.  The relative abundance of these transcripts compared to Xist 
meant that all three of these had higher noise, but the marked shift to a 
cytoplasmic signal was apparent in each case.  The shift from an entirely nuclear 
signal to one apparent in the cytoplasm was consistent in all three instances. The 
 
 
29 
results here confirm one tenet of our model, in that all tested ncRNAs transcripts 
are being dispersed from chromatin during early mitosis.  This is an important 
finding that helps establish what the normal mitotic course is for these transcripts, 
and shows that transcripts other than Xist leave chromatin as it condenses.  
Additionally, the transcripts were visible in the cytoplasm throughout mitosis, 
providing preliminary evidence that at least some ncRNA transcripts remain 
intact throughout mitosis. These results provide an interesting avenue for further 
inquiry – what is the potential impact of the ncRNA transcripts on mitosis?  Is 
proper chromosome condensation and segregation influenced by ncRNAs?   
 
Nuclear envelope and candidate ncRNA IF/FISH: 
After evaluating the ncRNAs through mitosis, IF/FISH was used to better 
understand how nuclear envelope breakdown relates to chromatin release of 
each ncRNA.  In each case the ncRNA FISH showed an increase in cytoplasmic 
signal after nuclear envelope breakdown in prophase.  In Figure 9 above, each of 
the three ncRNAs are costained with a nuclear envelope marker.  For both the 
SINE and LINE1 ncRNAs, the nuclear signal of the FISH is demarcated by the 
nuclear envelope staining, shown in the second and third image of each row.  
The overlaid image clearly shows that the FISH signal is limited to the chromatin 
in these early prophase cells.  Kcnq1OT1 was less clear, as the FISH probe 
signal intensity was poor.  Once nuclear envelope breakdown occurred in 
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prophase, the FISH signal dispersed into the cytoplasm, leaving the nuclear 
chromatin uncovered.  
   
    
   
Figure 9. Nuclear envelope IF with candidate ncRNAs FISH.  Top row first, these are LINE1, 
row 2 is SINE, row 3 is Kcnq1OT1.  Each row has a single channel image of three fluorophores, 
(the DAPI, ncRNA FISH, then IF Nup signals) and then the overlay. The red signal is the ncRNA 
in each case, the green channel are proteins stained by the Nup antibody to FG repeats, and the 
blue is DAPI stained chromatin.  Yellow signal is overlap between the nuclear envelope and 
ncRNA signal. In each instance, an early prophase is imaged prior to nuclear envelope 
breakdown.   
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LINE1 FISH of MCAK RNAi treated hTERT-RPE cells: 
   
   
Figure 10. LINE 1 FISH on MCAK RNAi treated hTERT-RPE cells. From left to right, top row 
first, these are an interphase, a prophase, a prometaphase, a metaphase, an anaphase, and a 
telophase cell.  The red signal is LINE1 and the blue is DAPI stained chromatin.   Note that again, 
the prometaphase with delayed dispersal has a c-shaped rather than rosette shaped 
chromosome organization in prometaphase.  The fix was 4% PFA. 
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Figure 11. LINE 1 FISH on Control RNAi treated hTERT-RPE cells. From left to right, top row 
first, these are an interphase, a prophase, a prometaphase, a metaphase, an anaphase, and a 
telophase cell.  The red signal is LINE1 and the blue is DAPI stained chromatin.   The fix was 4% 
PFA. 
  
As our results indicated that MCAK has a role in the mitotic dispersal of 
Xist, we performed MCAK RNAi to examine, by FISH, other ncRNA localizations 
during mitosis. We evaluated LINE 1 to see if MCAK impacted cytoplasmic 
dispersal of this ncRNA.  FISH was used to image cells in Figures 10 and 11 that 
show a similar disruption of dispersal for the LINE1 transcript as seen in the 
observed Xist phenotype after RNAi knockdown of MCAK.  Furthermore, the 
prometaphase cell in Figure 10 also showed the distinctive chromosome pattern, 
exhibiting a similar c shaped structure as to that seen in the Xist FISH of MCAK 
RNAi. The cells on these two plates, one exposed to control RNAi, and the other 
to MCAK RNAi, were visually scored, in many cases by assessing z-stack 
images.  Cells with notable FISH signal that overlapped chromatin (such as the 
prometaphase in Figure 11) were scored as positive for nuclear LINE 1 signal.  
This comparison of cells with nuclear signal across the control and MCAK RNAi 
groups, as seen in Figure 12 below, indicated that further, larger scale 
experiments were needed to fully determine the LINE 1 and MCAK interaction.   
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Figure 12. Nuclear LINE1 signal by mitotic phase.  Cells with nuclear signal were counted in 
each phase.  N=52, 11 for Control prophase and prometaphase respectively, N= 30, 10 for MCAK 
prophase and prometaphase.   
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DISCUSSION 
Our study has given us new insight into the behavior of ncRNAs during 
mitosis.  We found that ncRNA transcripts disperse into cytoplasm during 
prophase following nuclear envelope breakdown, AURKB does not co-localize 
with the ncRNA transcript Xist, and that MCAK is important for Xist cytoplasmic 
dispersal during mitosis.  These results indicate that ncRNA clearance is part of 
normal mitosis, and that AURKB phosphorylation of MCAK plays a role, at least 
for Xist.  Our findings give us the first steps to examine the impact of alterations 
to ncRNA chromatin clearance in mitosis. 
Our optimized assay for visualizing both ncRNAs and the protein AURKB 
in hTERT-RPE is unique in the published literature.  This assay is a useful way to 
track the relationship between the chromosome passenger complex and ncRNAs 
throughout mitosis.  Applications of this work could lead to further insight into the 
effects of AURKB RNAi on both the kinase localization and the localization of 
dependent ncRNAs.   
Although we were able to use an antibody for the IF/FISH of AURKB and 
Xist, we were not able to do so for MCAK, as the signal to noise ratio was too low 
to consistently image the MCAK fluorescence.  With that in mind, an alternative 
approach using a green fluorescent protein, or GFP, construct has shown early 
promise.  The GFP-MCAK protein construct localizes appropriately to the plus 
end of microtubules.  Transfecting the linearized plasmid into hTERT RPE cells, 
and following up with fluorescent activated cell sorting to select stably 
 
 
35 
incorporated GFP-MCAK is the next logical step, and will hopefully allow a similar 
visualization of MCAK throughout mitosis as to the approach we pioneered for 
AURKB.   
Although there is some study of Xist, our experiments on other ncRNAs 
and their localization throughout mitosis were novel studies.  Identifying the 
chromatin associating ncRNAs Kcnq1OT1, SINES, and LINE 1 through literature 
review, developing FISH probes for each, and then fixing and imaging cells 
throughout mitosis has provided evidence for a similar dispersal into the 
cytoplasm as with Xist.  Our experiments repeatedly demonstrated that an 
absence of FISH signal was seen in the space occupied by chromatin.  
Furthermore, this was seen to be related to nuclear envelope breakdown in 
prophase, which was seen in both IF/FISH for nuclear envelope markers and the 
FISH stains by comparison to the condensation of chromatin.  In other words, 
early prophase cells showed ncRNA signal, but as they transitioned further into 
mitosis the FISH signal moved to the cytoplasm.  The IF/FISH with antibodies for 
nuclear pore protein epitopes show that LINE 1 and SINES are normally 
dispersed post prophase – after nuclear envelope breakdown.  Though this 
pattern held true for Kcnq1OT1, SINES, and LINE 1 ncRNAs, a low signal to 
noise issue meant that the ncRNA Kcnq1OT1 was less suitable for further 
experiments.  With that said, further refinement of the Kcnq1OT1 probe could 
potentially provide a stronger signal, which would allow investigations of the 
effects that both MCAK and AURKB may have on this clinically relevant 
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transcript.  On the other hand, both the SINE and LINE 1 signal were obvious in 
all cells imaged, and the comparison of ncRNA distribution in interphase and 
mitotic cells established that these, like Xist, are indeed dispersed in mitosis.     
Finally, our pioneering RNAi screen of kinesins implicates MCAK in mitotic 
Xist dispersal.  This kinesin is a known substrate of AURKB (Andrews, et al., 
2004), is associated with microtubules (Helenius, et al., 2006) and now appears 
to be involved in ncRNA localizations during mitosis, revealing an important detail 
of AURKB’s published effect (Hall, et al., 2009) on Xist dispersal from chromatin 
in mitosis.  Further studies involving the GFP-MCAK fusion construct will 
hopefully provide more insight, especially if colocalization of MCAK and ncRNAs 
is shown during the transition into metaphase.  Further studies to confirm this 
proposed role for MCAK would include using thymidine block to synchronize cells 
to S phase and observe the time course of mitosis in a large population of MCAK 
RNAi treated cells versus a control RNA.  Further RNAi on Stathmin/OP18 may 
provide insight into whether the delayed dispersal is due to alterations in 
microtubule dynamics, or if MCAK is serving as the direct motor for the ncRNA 
transcripts.   
Perhaps most intriguingly, the results using the LINE1 transcript seemed 
to indicate a delay in ncRNA dispersal akin to that shown by Xist.  This suggests 
that MCAK may be implicated in the dispersal of multiple long ncRNAs during 
mitosis.  Obviously, identifying other ncRNAs and then analyzing them via RNAi 
of MCAK will provide further evidence for this role.  This putative role for MCAK 
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in mitosis is a step forward in understanding the maintenance of gene silencing 
through subsequent cell cycles in mitotically active cells.  These results, in 
conjunction with the established microtubule binding properties of MCAK, 
suggest that it may anchor ncRNA transcripts onto the mitotic spindle, and then 
move the transcripts along microtubules into the cytoplasm.   
This series of experiments reveals an aspect of RNA biology that will 
further develop our understanding of ncRNAs mediated inheritance of 
transcriptional silencing in daughter cells.  We have developed techniques to 
better understand published results involving Xist, identified MCAK as an 
important factor in ncRNA dispersal during mitosis, and have gone on to examine 
other ncRNAs and observe the effect of MCAK may indeed extend to LINE 1, 
suggesting a more universal role as opposed to one limited to Xist. 
 
 
38 
 
REFERENCES  
Andrews, P. D., Ovechkina, Y., Morrice, N., Wagenbach, M., Duncan, K.,  
 Wordeman, L., & Swedlow, J. R. (2004). Aurora B Regulates MCAK at the 
Mitotic Centromere. Developmental Cell, 6(2), 253–268. 
doi:10.1016/S1534-5807(04)00025-5 
 
Beletskii, A., Young-Kwon Hong, John Pehrson, Micheal Egholm, and William M  
 Strauss, (2001).  PNA interference mapping demonstrates functional  
 domains in the noncoding RNA Xist. Proceedings of the National  
 Academy of Sciences, 98(16), 9215–9220. doi:10.1073/pnas.161173098 
 
Brown, C. J., Ballabio, A., Rupert, J. L., Lafreniere, R. G., Grompe, M., 
Tonlorenzi, R., & Willard, H. F. (1991). A gene from the region of the 
human X inactivation centre is expressed exclusively from the inactive X 
chromosome. Nature, 349(6304), 38–44. doi:10.1038/349038a0 
 
Brown, C. J., Hendrich, B. D., Rupert, J. L., Lafrenière, R. G., Xing, Y., Lawrence, 
J., & Willard, H. F. (1992). The human XIST gene: Analysis of a 17 kb 
inactive X-specific RNA that contains conserved repeats and is highly  
localized within the nucleus. Cell, 71(3), 527–542. doi:10.1016/0092- 
8674(92)90520-M 
 
Chow, J. C., Ciaudo, C., Fazzari, M. J., Mise, N., Servant, N., Glass, J. L., …  
 Heard, E. (2010).  LINE-1 activity in facultative heterochromatin formation  
 during X chromosome inactivation. Cell, 141(6), 956–969.  
 doi:10.1016/j.cell.2010.04.042 
 
Chueh, A. C., Northrop, E. L., Brettingham-Moore, K. H., Choo, K. H. A., & 
Wong, L. H. (2009). LINE Retrotransposon RNA Is an Essential Structural 
and Functional Epigenetic Component of a Core Neocentromeric  
Chromatin. Public Library of Science Genetics, 5(1), e1000354. 
doi:10.1371/journal.pgen.1000354 
 
Cordaux, R., & Batzer, M. A. (2009). The impact of retrotransposons on human 
genome evolution. Nature Reviews Genetics, 10(10), 691–703. 
doi:10.1038/nrg2640 
  
Crosio, C., Fimia, G. M., Loury, R., Kimura, M., Okano, Y., Zhou, H., … Sassone- 
 Corsi, P. (2002). Mitotic Phosphorylation of Histone H3: Spatio-Temporal 
Regulation by Mammalian Aurora Kinases. Molecular and Cellular 
Biology, 22(3), 874–885. doi:10.1128/MCB.22.3.874-885.2002 
 
 
39 
 
 
Desai, A., Verma, S., Mitchison, T. J., & Walczak, C. E. (1999). Kin I Kinesins  
 Are Microtubule-Destabilizing Enzymes. Cell, 96(1), 69–78.  
 doi:10.1016/S0092- 8674(00)80960-5 
 
Dewannieux, M., Esnault, C., & Heidmann, T. (2003). LINE-mediated 
retrotransposition of marked Alu sequences. Nature Genetics, 35(1), 41– 
48. doi:10.1038/ng1223 
 
Domnitz, S. B., Wagenbach, M., Decarreau, J., & Wordeman, L. (2012). MCAK  
 activity at microtubule tips regulates spindle microtubule length to promote 
robust kinetochore attachment. The Journal of Cell Biology, 197(2), 231– 
237. doi:10.1083/jcb.201108147 
 
Gadea, B. B., & Ruderman, J. V. (2006). Aurora B is required for mitotic 
chromatin-induced phosphorylation of Op18/Stathmin. Proceedings of the 
National Academy of Sciences of the United States of America, 103(12), 
4493–4498. doi:10.1073/pnas.0600702103 
 
Gorbsky, G. J. (2004). Mitosis: MCAK under the Aura of Aurora B. Current  
 Biology, 14(9), R346–R348. doi:10.1016/j.cub.2004.04.022 
 
Guse, A., Mishima, M., & Glotzer, M. (2005). Phosphorylation of ZEN-4/MKLP1 
by Aurora B Regulates Completion of Cytokinesis. Current Biology, 15(8), 
778–786. doi:10.1016/j.cub.2005.03.041 
 
Hall, L. L., Byron, M., Pageau, G., & Lawrence, J. B. (2009). AURKB-mediated 
effects on chromatin regulate binding versus release of XIST RNA to the 
inactive chromosome. The Journal of cell biology, 186(4), 491–507.  
doi:10.1083/jcb.200811143 
 
Heard, E., & Disteche, C. M. (2006). Dosage compensation in mammals: fine- 
 tuning the expression of the X chromosome. Genes & Development, 
20(14), 1848–1867.doi:10.1101/gad.1422906 
Helenius, J., Brouhard, G., Kalaidzidis, Y., Diez, S., & Howard, J. (2006). The 
depolymerizing kinesin MCAK uses lattice diffusion to rapidly target 
microtubule ends. Nature, 441(7089), 115–119. doi:10.1038/nature04736 
 
Honnappa, S., Gouveia, S. M., Weisbrich, A., Damberger, F. F., Bhavesh, N. S.,  
 Jawhari, H., Grigoriev, I., et al. (2009). An EB1-Binding Motif Acts as a  
 Microtubule Tip Localization Signal. Cell, 138(2), 366–376.  
 doi:10.1016/j.cell.2009.04.065 
 
 
40 
 
Hunter, A. W., Caplow, M., Coy, D. L., Hancock, W. O., Diez, S., Wordeman, L.,  
 & Howard, J. (2003). The Kinesin-Related Protein MCAK Is a Microtubule 
Depolymerase that Forms an ATP-Hydrolyzing Complex at Microtubule 
Ends. Molecular Cell, 11(2), 445–457. doi:10.1016/S1097-2765(03)00049-
2 
 
Kim, Y., Holland, A. J., Lan, W., & Cleveland, D. W. (2010). Aurora Kinases and 
Protein Phosphatase 1 Mediate Chromosome Congression through 
Regulation of CENP-E. Cell, 142(3), 444–455. 
doi:10.1016/j.cell.2010.06.039 
 
Korostowski, L., Sedlak, N., & Engel, N. (2012). The Kcnq1ot1 long non-coding 
RNA affects chromatin conformation and expression of Kcnq1, but does 
not regulate its imprinting in the developing heart. Public Library of 
Science Genetics, 8(9),e1002956. doi:10.1371/journal.pgen.1002956 
 
Kramerov, D. A., & Vassetzky, N. S. (2005). Short Retroposons in Eukaryotic 
Genomes. In Kwang W. Jeon (Ed.), International Review of Cytology (Vol. 
Volume 247, pp. 165–221). Academic Press. Retrieved from 
http://www.sciencedirect.com/science/article/pii/S0074769605470047 
 
Lan, W., Zhang, X., Kline-Smith, S. L., Rosasco, S. E., Barrett-Wilt, G. A.,  
 Shabanowitz, J., … Stukenberg, P. T. (2004). Aurora B Phosphorylates 
Centromeric MCAK and Regulates Its Localization and Microtubule 
Depolymerization Activity. Current Biology, 14(4), 273–286. 
doi:10.1016/j.cub.2004.01.055 
 
Leblond, G. G., Sarazin, H., Li, R., Suzuki, M., Ueno, N., & Liu, X. J. (2012).  
 Translation of incenp During Oocyte Maturation Is Required for Embryonic 
Development in Xenopus laevis. Biology of Reproduction, 86(5), 161. 
doi:10.1095/biolreprod.111.097972 
 
Lee, M. P., DeBaun, M. R., Mitsuya, K., Galonek, H. L., Brandenburg, S., 
Oshimura, M., & Feinberg, A. P. (1999). Loss of imprinting of a paternally 
expressed transcript, with antisense orientation to KVLQT1, occurs 
frequently in Beckwith–Wiedemann syndrome and is independent of 
insulin-like growth factor II imprinting. Proceedings of the National 
Academy of Sciences, 96(9), 5203–5208. doi:10.1073/pnas.96.9.5203 
 
Lee, T., Langford, K. J., Askham, J. M., Brüning-Richardson, A., & Morrison, E. 
E. (2008). MCAK associates with EB1. Oncogene, 27(17), 2494–2500. 
doi:10.1038/sj.onc.1210867 
 
 
41 
 
Lipp, J. J., Hirota, T., Poser, I., & Peters, J.-M. (2007). Aurora B controls the  
 association of condensin I but not condensin II with mitotic chromosomes.  
 Journal of Cell Science, 120(7), 1245–1255. doi:10.1242/jcs.03425 
 
Maney, T., Wagenbach, M., & Wordeman, L. (2001). Molecular Dissection of the 
Microtubule Depolymerizing Activity of Mitotic Centromere-associated 
 Kinesin. Journal of Biological Chemistry, 276(37), 34753–34758. 
doi:10.1074/jbc.M106626200 
 
Marahrens, Y., Panning, B., Dausman, J., Strauss, W., & Jaenisch, R. (1997).  
Xist deficient mice are defective in dosage compensation but not 
spermatogenesis. Genes & Development, 11(2), 156–166. 
doi:10.1101/gad.11.2.156 
 
Mattick, J. S. (2006). Non-coding RNA. Human Molecular Genetics, 15(90001),  
 R17–R29. doi:10.1093/hmg/ddl046 
 
Pandey, R. R., Mondal, T., Mohammad, F., Enroth, S., Redrup, L., Komorowski,  
 J.,  Kanduri, C. (2008). Kcnq1ot1 Antisense Noncoding RNA Mediates 
Lineage-Specific Transcriptional Silencing through Chromatin-Level 
Regulation. Molecular Cell, 32(2), 232–246. 
doi:10.1016/j.molcel.2008.08.022 
 
Penny, G. D., Kay, G. F., Sheardown, S. A., Rastan, S., & Brockdorff, N. (1996). 
Requirement for Xist in X chromosome inactivation. Nature, 379(6561), 
131–137. doi:10.1038/379131a0 
 
Rubin, G. M., Yandell, M. D., Wortman, J. R., Gabor, G. L., Miklos, Nelson, C. R., 
… Apweiler, R. (2000). Comparative Genomics of the Eukaryotes. 
Science, 287(5461), 2204–2215. doi:10.1126/science.287.5461.2204 
 
Ruchaud, S., Carmena, M., & Earnshaw, W. C. (2007). Chromosomal  
 passengers: conducting cell division. Nature Reviews Molecular Cell  
 Biology, 8(10), 798–812. doi:10.1038/nrm2257 
 
Swergold, G. D. (1990). Identification, characterization, and cell specificity of a 
human LINE-1 promoter. Molecular and Cellular Biology, 10(12), 6718– 
6729. doi:10.1128/MCB.10.12.6718 
 
Takemoto, A., Murayama, A., Katano, M., Urano, T., Furukawa, K., Yokoyama, 
S., … Kimura, K. (2007). Analysis of the role of Aurora B on the 
chromosomal targeting of condensin I. Nucleic Acids Research, 35(7), 
 
 
42 
2403–2412. doi:10.1093/nar/gkm157 
 
Touré, A., Mzali, R., Liot, C., Seguin, L., Morin, L., Crouin, C., … Bertoglio, J.  
 (2008). Phosphoregulation of MgcRacGAP in mitosis involves Aurora B 
and Cdk1 protein kinases and the PP2A phosphatase.  Federation of 
European Biochemical Societies Letters, 
582(8), 1182–1188. doi:10.1016/j.febslet.2007.12.036 
 
Thadani, R., Uhlmann, F., & Heeger, S. (2012). Condensin, Chromatin 
Crossbarring and Chromosome Condensation. Current Biology, 22(23), 
R1012–R1021. doi:10.1016/j.cub.2012.10.023 
 
Thakur, N., Tiwari, V. K., Thomassin, H., Pandey, R. R., Kanduri, M., Göndör, A.,  
Kanduri, C. (2004). An Antisense RNA Regulates the Bidirectional 
Silencing Property of the Kcnq1 Imprinting Control Region. Molecular and 
Cellular Biology, 24(18), 7855–7862. doi:10.1128/MCB.24.18.7855- 
7862.2004 
 
Xiao, C., Sharp, J. A., Kawahara, M., Davalos, A. R., Difilippantonio, M. J., Hu,  
 Y., … Panning, B. (2007). The XIST Noncoding RNA Functions 
Independently of BRCA1 in X Inactivation. Cell, 128(5), 977–989. 
doi:10.1016/j.cell.2007.01.034 
 
 
VITA  
 
 
 
 
 
 
 
   
    
  
 
 
 
 
 
  
    
  
   
  
 
 
  
 
 
  
   
  
 
    
     
